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Abstract: The nucleation and growth behaviors of primary Al phase in the hypoeutectic alloy of Al-20.8%Cu (mass fraction) in high
static magnetic fields were investigated by differential thermal analysis (DTA). The DTA curves indicate that the nucleation
temperature of primary Al phase decreases as the magnetic induction increases. The average growth rates of primary crystals increase
with the increase of magnetic induction. The dendrite structures show that primary Al phase dendrites change from disorderly
without the magnetic field to regularly with the field. The effect of magnetic field with the magnetic induction order of 10 T on
driving force for the nucleation of Al crystals is negligible. The reduction of nucleation temperature of primary Al phase is mainly
caused by the increase of the interfacial free energy between the melt and the nucleus. The change in dendrite morphology can be
attributed to the suppression of melt flows in the magnetic field and magnetic anisotropy of Al crystals.
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1 Introduction

Metal solidification in a high magnetic field is an
interesting field for the study with the development of
magnet technologies. It is well known that the high
magnetic field not only changes the flow of
electronically conducting melts like damping convection
[1] and inducing thermoelectric magnetic convection [2],
but also distinctly influences solidification behaviors of
metallic alloys such as solute distribution [3],
solidification rate [4], crystallographic orientation [5]
and dendrite morphology [6].

The nucleation and growth are two most
fundamental processes during metal solidification. Some
studies showed the effect of the magnetic field on the
nucleation of crystals. ESIN et al [7] observed that the
average undercooling of liquid tin increased in the
magnetic field with magnetic induction of 2 T. AOKI
et al [8] found that the external magnetic field enhanced
the nucleation of grains in Zn—Cu alloys. HASEGAWA
and ASAI [9] experimentally demonstrated that the
maximum undercooling of copper melt in glass slag in

the magnetic field with magnetic induction of 0.5 T was
higher than that without the magnetic field. Recently,
ZHANG et al [10] compared the change in undercooling
of pure copper and germanium melt in the high magnetic
field and found that undercooling of Cu melt increased
but liquid Ge did not show noticeable change. LIU et al
[11] investigated the nucleation behaviors of Ni—Cu
alloy and pure Sb in external magnetic field and found
that undercooling of two melts increased and grains were
refined. Additionally, some studies also showed that the
external magnetic field changed the growth behaviors of
alloys. AOKI et al [12] indicated that the magnetic field
with magnetic induction of 3.5 T suppressed the
development of primary Al phase dendrites in the
hypoeutectic ~ Al-Si alloy. The above studies
convincingly demonstrated that the external magnetic
field changed the nucleation and growth behaviors of
metallic alloys. However, the mechanism for the changes
of nucleation and growth in the magnetic field is still
unclear and needs further investigation.

In previous work, it was found that the nucleation
temperature of pure aluminum decreased with the
increase of magnetic induction and proposed that the
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external magnetic field modified the interfacial free
energy and thus lowered the nucleation temperature [13].
In this work, the hypoeutectic alloy of Al-20.8%Cu
(mass fraction) was chosen and the differential thermal
analysis (DTA) was used to examine the nucleation
temperature and growth rates of primary phase in the
magnetic field. The physical mechanisms of nucleation
and growth behaviors of primary phase in the magnetic
field were further discussed.

2 Experimental

The experimental apparatus mainly consisted of
superconducting  magnet, 2700  multimeter/data
acquisition system, programming controller and DTA
apparatus. The magnet with cylindrical core with inner
diameter of 98 mm can produce a vertical static magnetic
field up to 14 T. The DTA apparatus was depicted in
detail in previous publication [14].

The hypoeutectic alloy of Al-20.8%Cu used in this
work was prepared with aluminum and copper of 99.99%
purity. The alloy was melted in induction furnace in
argon atmosphere and cast into ingots, from which
cylindrical samples with size of d 4 mm x 4 mm for DTA
runs were obtained by wire cutting. The samples were
ultrasonically cleaned with powerful acetone before DTA
runs in order to get rid of contaminant of their surface. In
experiments, the sample in the DTA apparatus was
placed in the center of the magnet. The samples were
heated to a given temperature of 700 °C above melting
point at the rate of 10 °C/min, held for 20 min and
subsequently cooled to the room temperature at the
constant cooling rate of =5 °C/min. In DTA runs, the
furnace chamber was fluxed with high-purity argon in
order to reduce the oxidation of samples during runs.
These measurements under the same conditions were
repeatedly carried out more than three times using
different samples in order to confirm the reproducibility.
The relating parameters like melting temperature and
nucleation temperature can be obtained from DTA runs.

The post-treated samples were sectioned along the
radial and axial directions. The longitudinal and
transversal microstructures were examined with optical
microscope and scanning electronic microscope after
polishing and etching. The crystallographic orientation
was examined by X-ray diffraction (XRD) with Cu K,,.

3 Results and discussion

In order to observe the nucleation and growth
behaviors of primary phase in the hypoeutectic alloys of
Al-20.8%Cu with and without the magnetic field, DTA
experiments were carried out. Figure 1 shows DTA
curves for the solidification of the alloy at a cooling rate

of =5 °C/min in various magnetic fields. Since the alloy
is off-eutectic, the right exothermic peak originates from
the precipitation of primary Al phase and the left one
denotes the crystallization of Al—Al,Cu eutectics on each
curve. Here, only right exothermic peaks were
investigated, indicating the nucleation temperature #, and
peak temperature ¢, of primary Al phase.
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Fig. 1 DTA curves for hypoeutectic alloy of Al—20.8%Cu at
cooling rate of =5 °C/min

The related parameters for the solidification of the
hypoeutectic alloy obtained from DTA experiments are
listed in Table 1. It is found that the nucleation
temperature £, for primary Al phase in the Al-20.8%Cu
alloy slightly decreases in low magnetic fields, such as
magnetic induction of 2 and 6 T in comparison with that
in the zero field. However, the value markedly shifts to a
lower temperature in the magnetic induction of 12 T.
This means that the external magnetic field retards the
nucleation of primary a-Al phase in the process of
solidification of the alloy. Moreover, the higher the
magnetic induction is, the lower the nucleation
temperature is. Additionally, the quantity (#,—#,), which is
a measure of the average growth rate [15], decreases
with the magnetic induction. Therefore, growth rates of
primary Al phase increase in the magnetic field.

Table 1 Parameters obtained from DTA runs for Al—20.8%Cu
alloys at cooling rate of =5 °C/min

Magnetic induction/T t,/°C t,/°C (t.—t,)/°C
0 597.6 588.9 8.7
2 596.7 588.9 7.8
6 596.5 588.6 7.9
12 591.4 584.7 6.7

Figure 2 indicates the dendrite morphology on
different sections in the Al-20.8%Cu alloy in various
magnetic fields. In the absence of a magnetic field,
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Fig. 3 Microstructures of Al—20.8%Cu hypoeutectic alloy on different sections: (a) 0 T, longitudinal; (b) O T, transversal; (c) 6 T,
longitudinal; (d) 6 T, transversal; (e) 12 T, longitudinal; (f) 12 T, transversal

primary dendrites disorderly distribute in the eutectic
matrix and the majority of dendrites show a seaweed-like
pattern as displayed in Figs. 2(a) and (b). While applying
the magnetic field with magnetic induction of 6 T, a part
of dendritic structures become regular, as shown in
Figs. 2(c) and (d). Namely, the secondary dendrite arms
grow perpendicularly to primary dendrite arms. In the
magnetic field with magnetic induction of 12 T, dendrites
structures are most regular as displayed in Figs. 2(e) and
(f). In addition, it is found that the orientation of primary
Al phase dendrites occurs in magnetic fields. Especially,
primary dendrite arms regularly give a tilt angle to the
direction of magnetic field with magnetic induction of 12
T in comparison with disorganized dendrites without a
magnetic field. Figure 3 displays XRD patterns of the
Al-20.8%Cu alloy on longitudinal and transversal
sections without and with the magnetic field of 12 T. The
diffraction intensity of the (111) direction of Al crystals

/]

significantly increases at magnetic induction of 12 T
compared with that at 0 T. Hence, the external magnetic
field induced crystallographic orientation of primary
o(Al) crystals and the (111) direction oriented along the
magnetic field.

These experimental results demonstrate that the
external magnetic fields lower the nucleation temperature,
accelerate the growth rate and alter the dendritic
structures of primary Al phase in the Al-20.8%Cu alloy.

In classical nucleation theory, the activation energy
AG" for the nucleation can be expressed as:

* 161:7/31
AG =——==-1(0) (1)
3(AG, )
where % and AG, denote the interfacial free energy and
difference in Gibbs free energy between solid and liquid
phases, respectively; () is the catalytic factor and read
as f(0)=1/4(2-3cos@+ cos’ @); Ois the wetting angle.
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Fig. 3 XRD patterns of Al-20.8%Cu alloy on longitudinal (a)
and transversal (b) sections

In order to explore the effect of the magnetic field
on the nucleation, the change of parameters in Eq. (1)
under the action of magnetic field must be reexamined.
Since the wetting angle varies the interfacial energy for
the same materials, provided that the catalytic factors are
equal for the same materials regardless of the magnetic
field, the conclusion on the magnetic field effect from
Eq. (1) is not altered. Thus, the effect of magnetic field
on interfacial energy and Gibbs free energy is discussed
below.

The difference in Gibbs free energy is the driving
force for the nucleation while the interfacial free energy
is the resistive force for the nucleation. The ability of the
nucleation for a given substance depends on the two
physical parameters. There have been a great many
reports showing that the external magnetic field
significantly changes Gibbs free energy of ferromagnetic
phase and thus leads to the change in the equilibrium
transition point and the shift of phase boundary [16].
This is because the magnetic energy induced by the
magnetic field is so large that it may compare with
thermal energy in the same order of magnitude. For
example, the magnetic field with magnetic induction of
1 T alters Gibbs free energy per atom in iron by about the

same amount as the temperature by 1 K. However, some
studies demonstrate that the magnetic energy is rather
feeble for non-magnetic materials and hardly changes its
phase transformation point [17]. Herein, the magnetic
energy and thermal Gibbs free energy may be compared.
The former is written as —uo(y—y")H/2, where y is the
magnetic susceptibility and superscripts s and 1 denote
solid and liquid phases, respectively, H is the magnetic
induction, and g, is the vacuum permeability. For solid
and liquid Al phases, the difference of magnetic
susceptibilities is 2.1x10" m*/mol at melting point [18].
The contribution of magnetic energy to Gibbs free
energy is 1.2x107°J in the magnetic field with magnetic
induction of 12 T. Nevertheless, the difference of thermal
Gibbs free energy between solid and liquid phases is
5.4 ] when the melt is undercooled to 0.5 °C below
equilibrium temperature according to the thermodynamic
data [19]. The magnetic energy is only about 2x10°° of
thermal Gibbs free energy. Indeed, the effect of magnetic
field with the order magnetic induction of 10 T on Gibbs
free energy of non-magnetic Al crystal is much feeble
and hardly changes activation energy for the nucleation.

Hence, the reduction of nucleation temperature in a
magnetic field is probably due to the change in
interfacial free energy between the melt and the nucleus.
In reality, there are studies showing that the external
magnetic field can change the interfacial energy.
FUJIMURA and IINO [20] found that the surface tension
of water increased linearly with the suqare of the
magnetic field and the value increased by about 1.8% at
10 T. LI et al [21] applied the ring method to measure the
surface tension of actone and found that the surface
tension linearly increased with external magentic field.
Although those findings focused on the magnetic field
effect on the surface tensions of liquids at room
temperature, they suggested that the magentic field
significantly modified the interfacial energy of
non-magnetic substances. From the view of interfacial
structure, the solid—liquid interface generally includes
multilayer atoms. The thicker the solid—liquid interface
is, the smaller the interfacial energy is. It is reasonably
inferred that liquid atoms near solid—liquid interface
hardly attch themselves to nucleus due to spiral
movement under the action of Lorentz force and thus the
solid—liquid interface is smoother [13]. In this case,
liquid atoms need more energy to migrate from liquid to
solid phase. Therefore, the melt is undercooled to a lower
temperature to provide a larger driving force. This is
testified by the reduction of nucleation temperature in the
magetic field. Certainly, the mechanism of change in
interfacial energy in the magnetic field needs further
investigation and is now in progress.

The driving force for dendrite growth is determined
by the melt undercooling At. In general, the relationship
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between the solidification rate v and undercooling Af is
described as follows [22]:

voc(Ar)? ()

where f is a constant. Equation (2) indicates the
exponent relationship between v and Ar. From Table 1,
parameter (#,—#,) decreases with increasing a magnetic
field. This means that the average growth rate of primary
o-Al crystals increases with the increase of undercooling
in a magnetic field. Thus, the relationship between v and
At in a magnetic field still seems to qualitatively obey
Eq. (2). Therefore, it is difficult to determine the effect of
magnetic field on the growth rate of Al crystals at present
in the case of the lack of the exact data of growth rates.

Additionally, it is well known that the dendrite
morphology is markedly influenced by melt flows. In the
absence of a magnetic field, the temperature gradient and
concentration gradient in the melt might produce natural
convection in the melt which causes dendrites to grow
disorderly during the solidification. Hartmann number
H,=BL(c/n) " is used to characterize the suppression
effect (H, is Hartmann number, B is the magnetic
induction, L is the characteristic length, ¢ and # are
electrical conductivity and viscosity, respectively). If H,
is much larger than unity, the convection of the melt is
thought to be suppressed. One may calculate the
Hartmann number in the work by adopting the following
parameters: B=12 T, L=4 mm, o=1x10%(Q'm), 5=
1 mPa-s. In the presence of 12 T, H, is 1500. The value
will be far larger than unity. This means that the
convection of the melt will be suppressed in the case of
12 T. Since the convection of the melt is suppressed and
the crystal growth mainly depends on heat flow, the
effect results in the regular growth of dendrites as shown
in Fig. 2. For the growth orientation of primary dendrite,
this is because the (111) direction of Al crystals is the
easy magnetization direction. The imposition of the
magnetic field induces the (111) direction of Al crystals
to orient along the direction of a magnetic field. The
magnetic suppression of the convection and the magnetic
anisotropy of Al crystals lead to regular dendrites and
crystallographic orientation.

4 Conclusions

1) The nucleation and growth characteristics of
primary phase in the hypoeutectic alloy of Al-20.8%Cu
in magnetic fields were explored by differential thermal
analysis. The nucleation of primary Al crystals becomes
more difficult and the average growth rate increases in
magnetic fields. Although the effect of the magnetic field
with the magnetic induction order of 10 T on the driving
force for the nucleation is neglected, the increase of
solid—liquid interfacial free energy in the magnetic field

makes the nucleation more difficult and thus nucleation
temperature is lowered.

2) Solidified structures show that dendrites grow
from disorderly without a magnetic field to orderly with
a magnetic field and the (111) direction of Al crystals
orients along the magnetic field. The change in dendritic
morphology is due to the suppression of the convection
in a magnetic field and magnetic anisotropy of Al
crystals.
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